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Edited by Gianni CesareniAbstract A two-domain structure of the Type IIS restriction
endonuclease MnlI has been identiﬁed by limited proteolysis.
An N-terminal domain of the enzyme mediates the sequence-spe-
ciﬁc interaction with DNA, whereas a monomeric C-terminal do-
main resembles bacterial colicin nucleases in its requirement for
alkaline earth as well as transition metal ions for double- and sin-
gle-stranded DNA cleavage activities. The results indicate that
the fusion of the non-speciﬁc HNH-type nuclease to the DNA
binding domain had transformed MnlI into a Mg2+-, Ni2+-,
Co2+-, Mn2+-, Zn2+-, Ca2+-dependent sequence-speciﬁc enzyme.
Nevertheless, MnlI retains a residual single-stranded DNA
cleavage activity controlled by its C-terminal colicin-like nucle-
ase domain.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Type II restriction endonucleases (REases) cleave palin-
dromic or non-palindromic short sequences of double-
stranded DNA (dsDNA), and require Mg2+ ions for catalysis.
A great deal of biochemical and structural data has been ob-
tained during the investigation of DNA recognition and the
mode of cleavage that indicate a high diversity among these en-
zymes [1]. However, comparison of available crystal structures
and computational fold-recognition analysis suggests the pres-
ence of similar three-dimensional folds among the respective
parts of Type II restriction endonucleases [2].
A two-domain organization of Type IIS REases makes
them excellent targets for the study of evolutionary shuﬄing
of structural elements among all families of nucleases and
DNA-binding proteins. This process has been already vali-
dated in some members of this family. The DNA-recognition
domain of an archetypal REase FokI, the member of the
conventional PD-D/ExK superfamily of restriction enzymes,
resembles the DNA binding domain of the catabolite gene
activator protein [3], while its C-terminal nucleolytic domain
exhibits a k-exonuclease-like fold, demonstrating a weak non-*Fax: +37052602116.
E-mail address: ediga@ibt.lt
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Mva1269I, possessing two active sites residing in one mole-
cule of the protein, has been proposed to have evolved
through fusion of an EcoRI-like domain and a non-speciﬁc
nuclease domain of FokI, each of which perform a single
cut in the double-stranded DNA substrate [5]. A recent crys-
tal structure obtained for the EDTA-resistant Type IIS
REase BﬁI [6] indicates the similarity of its C-terminal
DNA-binding domain to those of the Type IIE enzyme Eco-
RII and the Arabidopsis cold-responsive transcription factor
RAV1. Strikingly, the N-terminal domain of BﬁI shows se-
quence similarity to Nuc, an EDTA-resistant non-speciﬁc
nuclease from the phospholipase D superfamily [7]. The
recruitment of the phospholipase-like nucleolytic core by BﬁI
suggests that catalytic domains from other nuclease families
can be used just as well to fulﬁll the catalytic function of
REases. Indeed, bioinformatic analyses [2,8] and mutagenesis
studies [9,10] predicted that another nuclease fold, which
forms a non-speciﬁc catalytic center designated as a ‘bba-me-
tal’ fold, may be involved in the catalytic action of restriction
endonucleases. One of the largest group of the ‘bba-metal’
enzymes, the HNH family, forms a large cluster of nucleic
acid-speciﬁc enzymes, which demonstrate a broad diversity
in their catalytic and structural properties as well as their
origination from a common ancestor [11]. The growing num-
ber of data indicating that structural domains of diﬀerent
protein families reside in various endonucleases suggest the
presumable evolution of enzymes by combination of indepen-
dent structural domains to acquire new biologically distinct
functions.
According to an asymmetric recognition sequence 5 0-CCTC-
3 0/5 0-GAGG-3 0 and the cleavage positions downstream of the
target site ((N)7/6), MnlI belongs to the Type IIS REase group.
However, the HNH active site identiﬁed in the C-terminal part
of MnlI [10] assigns it to the HNH group of the ‘bba-metal’
superfamily of nucleases.
Here, the ﬁrst evidence that Type IIS restriction endonucle-
ases employ a colicin-like nuclease domain is described. The
results indicate a modular structure of MnlI, which consists
of the N-terminal DNA-binding domain and the C-terminal
domain, with an activity similar to colicin nucleases. MnlI is
a homodimeric enzyme [10]. Contrary to Type IIS REases
characterized to date which dimerise through their catalytic
domains, the C-terminal domain of MnlI was determined to
be monomeric in solution. However, although the N-terminal
DNA-binding domain binds to the recognition sequence pre-
dominantly as a monomer, it displays an ability to form a com-
plex with two copies of cognate DNA as a dimer.blished by Elsevier B.V. All rights reserved.
Fig. 2. Puriﬁcation of the functional domains of MnlI. (A) The elution
proﬁle of the C-II domain after the fractionation by gel-ﬁltration. A
1.5-lg sample was loaded to test the purity of the resulted C-II in SDS–
PAGE. (B) Analysis of a 3-lg sample of the puriﬁed N-terminal
domain N-II by SDS–PAGE. The proteins were visualized by
Coomassie Brilliant Blue staining.
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2.1. Domain organization of the MnlI restriction endonuclease
The absence of structural information for MnlI induced the
mapping of the domain structure by limited proteolysis. Lim-
iting amounts of endoproteinase Glu-C were used to search for
functional domains of MnlI in the absence (Fig. 1A) or the
presence (Fig. 1B) of speciﬁc DNA. In the absence of the spe-
ciﬁc duplex, digestion with Glu-C released two possible do-
mains in 1 min, corresponding to molecular masses of 30
and 14 kDa by SDS–PAGE, which were referred to as N-I
and C-I, respectively. On further digestion, the N-I fragment
was rapidly degraded, whereas incubation with Glu-C for at
least 60 min degraded C-I into a stable fragment C-II?, with
a molecular mass of 12 kDa. A time course of Glu-C medi-
ated digestion of the MnlI–DNA complex (Fig. 1B) showed
a signiﬁcantly diﬀerent cleavage pattern. A 15-min cleavage
with Glu-C released two stable fragments, N-II and C-II,
whose mobility in SDS–PAGE corresponded to the molecular
masses of 32 and 12 kDa, respectively.
The N-terminal sequences of the fragments N-I, N-II, C-I,
C-II and C-II? (Fig. 1) were determined by Edman degrada-
tion. Unambiguous sequencing data allowed the protein frag-
ments to be located on the MnlI polypeptide. Based on this
analysis, MnlI consists of two protease-resistant domains that
correspond to the N-terminal and C-terminal halves of the
protein. The N-terminal sequences of N-I and N-II matched
exactly the sequence at the N-terminus of the MnlI protein.
Upon isolation from the Glu-C digest of MnlI in the presence
of DNA by size-exclusion chromatography, the N-II protein
was subjected to MALDI mass spectrometry analysis. The
N-II domain yielded a measured mass of 31.215 kDa. Since
the Glu-C cleavage at other possible cleavage sites in the
respective region of MnlI would have yielded the fragments
with considerably diﬀerent molecular masses, the measured va-
lue corresponds to the protein fragment that includes amino
acid residues 1–266 of MnlI and has the theoretical mass of
31.135 kDa. Hence, when proteolysis of pre-formed MnlI-
DNA complex is carried out, proteolysis of MnlI results in
the appearance of two stable fragments, an N-terminal frag-
ment including amino acid residues 1–266 that has the mea-
sured mass of 31.215 kDa, and a C-terminal fragment C-II
starting at Lys267, with a mass of 12 kDa in SDS–PAGE
(Fig. 1B).
Proteolysis without speciﬁc DNA initially converts MnlI
into an N-terminal fragment N-I with a mass of 30 kDa in
SDS–PAGE and a C-terminal fragment C-I starting atFig. 1. SDS–PAGE proﬁles of limited proteolysis of MnlI in the absence (A
fragments of MnlI and time-points chosen to generate them for Edman deg
Glu-C (based on molecular weight markers) and the positions of the ﬁrst N-
the schematic representation of the MnlI protein.Ile249 that has a mass of 14 kDa (Fig. 1A). As proteolysis
proceeds, N-I is digested to small peptides, while the C-I frag-
ment is degraded into the stable C-II? fragment, with the same
N-terminus as C-II resulted in Fig. 1B. In both experiments,
the sum of the apparent molecular masses of the N-terminal
and C-terminal fragments is close to that expected for a sub-
unit of MnlI dimer (45 kDa) [10]. Since the whole protein, as
well as the N-terminal half of MnlI, becomes more resistant
to Glu-C as MnlI binds to its recognition sequence, the N-ter-
minal half could be involved in speciﬁc DNA binding by MnlI.
The stable C-II fragment may represent the protein domain
responsible for accomplishing the catalytic reaction, as all
essential catalytic amino acids are located in this part of the
protein [10].
2.2. Functional domains in MnlI restriction endonuclease
To gain insight into the function of the C-terminal fragment
C-II, the digest of MnlI by Glu-C in the absence of speciﬁc
DNA was ﬁrst fractionated by size-exclusion chromatography.
Strikingly, analysis of both the A280 proﬁle (Fig. 2A) and the
presence of C-II in SDS–PAGE (not shown), gave an apparent
mass of 8 kDa. The observed molecular mass of C-II was
approximately 1.5 times lower than that estimated by SDS–
PAGE (12 kDa). Therefore, it seems that the C-II protein ex-
ists as a monomer in solution. The puriﬁed C-terminal domain
(Fig. 2A) was tested for nucleolytic activity on k DNA and) or the presence (B) of speciﬁc DNA. Arrows indicate the proteolytic
radation. The apparent Mrs of possible domains of MnlI produced by
terminal amino acid of the C-terminal domains are indicated alongside
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to be rapidly degraded.
To analyze whether the identiﬁed N-terminal proteolytic
fragment N-II corresponds to the DNA-binding domain of
MnlI, the fragment of the mnlIR gene, representing the N-II
domain, was cloned, and the polypeptide was expressed and
puriﬁed as described in Section 3. SDS–PAGE analysis re-
vealed the enzyme preparation to be homogeneous N-terminal
domain N-II (Fig. 2B).
Gel mobility-shift assays to analyze binding of the speciﬁc
duplex (sd-31) by the puriﬁed N-II protein (Fig. 3) revealed
two bands of diﬀerent electrophoretic mobility in binding buf-
fer supplemented with 0.1 mM EDTA, whereas MnlI formed
only one complex. Western blot-hybridization of the com-
plexes in the gels of Fig. 3 with the antibodies raised against
MnlI conﬁrmed that namely the N-II domain caused two com-
plexes with the speciﬁc duplex to appear (data not shown). The
predominant complex of N-II (complex 1) had a higher elec-
trophoretic mobility than MnlI–DNA complex. A faster
mobility results from the lower molecular mass of N-II com-
pared with MnlI. Replacement of EDTA by Ca2+ ions in the
binding buﬀer, contrary to MnlI, did not aﬀect the DNA
binding properties of the N-II domain (data not shown). It
should be noted that none of these complexes were detected
with the duplex lacking the cognate site (nd-31). These results
clearly demonstrated that the N-terminal domain mediates
sequence-speciﬁc DNA binding by the full-length protein. Nei-
ther MnlI nor its N-terminal DNA-binding fragment requires
divalent metal ions for speciﬁc DNA binding. N-II formed
complex 1 in the low nanomolar range of protein concentra-
tion, whereas the appearance of a higher order complex (com-
plex 2) depended slightly on increasing concentrations of N-II.
Therefore, most likely, two bands for the N-II–DNA com-
plexes could appear due to possible dimerization of N-II. In
this case, N-II might be capable of binding two recognition
sequences of MnlI.
2.3. Analysis of the N-II–DNA complexes
A gel-ﬁltration assay was used to investigate the stoichiom-
etry of the N-II–DNA complexes (Fig. 4A). On a gel-ﬁltration
column the puriﬁed N-II domain eluted at a volume that cor-
responded to an apparent molecular mass of 29 kDa, very
close to a monomer of the 31.215 kDa N-II protein. The
apparent molecular mass of the speciﬁc duplex sd-31
(48 kDa) was found to be nearly 2.5 times higher than its cal-
culated molecular mass of 20 kDa. This was explained by theFig. 3. Gel mobility-shift assay with MnlI and its N-terminal fragment in the
terms of monomer) are indicated at the top of each lane. Numbers 1 and 2cylindrical shape of DNA molecules, which experience more
hydrodynamic friction than spherically shaped marker pro-
teins [12,13]. In the gel-ﬁltration experiment of the mixture
of N-II and sd-31 at an N-II:DNA molar ratio of 10:1, two
peaks were detected: one at the same volume as the free N-II
(29 kDa) and another corresponding to an apparent mass
of 68 kDa. Although the value of 68 kDa lies between the
sum of the theoretical masses for one protein molecule bound
to one DNA duplex (51 kDa) and those expected from gel-ﬁl-
tration experiments (77 kDa), it most likely represents the
monomer of N-II bound to one DNA molecule. The lower
mass value of the complex may have been due to an alteration
in either protein or DNA structure occurring upon DNA bind-
ing. Further increases in the N-II:DNA molar ratio up to 60:1
revealed the appearance of a minor peak besides the 68 kDa
species. The novel complex possessed an apparent molecular
mass of 132 kDa, which is in excellent agreement with the
size of two N-II–DNA complexes (136 kDa). It should be
noted that neither the DNA duplex nor N-II caused the minor
peak to appear at the concentrations used in the experiment.
As another independent test for the evaluation of stoichiom-
etry of the N-II–DNA complexes, sucrose gradient velocity
centrifugation under similar conditions as those used in the
gel mobility-shift assays was performed (Fig. 4B). The N-II
protein was observed in a peak corresponding to an apparent
weight of 27.5 kDa. When the speciﬁc complex that was
formed with a molar excess of N-II over radioactively labeled
sd-31 duplex was subjected to sucrose gradient centrifugation,
two speciﬁc N-II–DNA complexes were detected. The predom-
inant complex with the same mobility as complex 1 in non-
denaturing gels (Fig. 3) had an apparent weight of 54 kDa.
This value corresponded well to the sum of molecular masses
of the protein monomer and one DNA molecule
(27.5 kDa + 30 kDa = 57.5 kDa). The complex with lower
mobility (complex 2) accumulated in a fraction that, relative
to the marker proteins, gave an apparent weight of
117 kDa. It is close to the sum of the masses for two N-II–
sd-31 complexes (115 kDa). Worthy of note, centrifugation
of the mixture of MnlI and non-cognate DNA duplex did
not result in detection of any complexes (not shown).
The conventional Type IIS REases need to dimerise to cut
two strands of their double-stranded DNA targets. All the Type
IIS REases characterized to date dimerise through their nucle-
olytic domains [3,6,14]. MnlI REase is a homodimeric protein
(90 kDa) with a single active site residing in the monomeric
C-terminal domain of each subunit [10]. Mutagenic studiespresence of a 31 bp speciﬁc duplex (1 nM). Enzyme concentrations (in
designate two complexes formed by the N-terminal domain.
Fig. 4. Stoichiometric analysis of N-II–DNA complexes. The numbers above the peaks denote the apparent molecular masses calculated by
interpolation from standard curve derived using a set of marker proteins. (A) Gel-ﬁltration analysis on Superdex 200 HR column. The elution
proﬁles are shown for 1 lM of speciﬁc duplex; 60 lM of N-II; N-II and DNA mixtures at protein:DNA (lM) ratios of 10:1; 40:1 and 60:1. (B)
Ultracentrifugation analysis on a sucrose gradient. The peaks were achieved by applying diﬀerent detection methods (see Section 3).
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accomplished through the action of the C-terminal HNH motif
306Rx3ExHHx14Nx8H [10]. This motif shares the highest active
site similarity with the colicin ColE7 and ColE9 nucleases, the
members of the HNH group of the ‘bba-metal’ superfamily.
Like the C-terminal domain of MnlI, the nuclease domains of
ColE7 and ColE9 exist in monomeric states [15,16]. It has been
proposed that although it is possible that colicins cleave
dsDNA as a homodimers [17], the dimeric state is not essential
for degradation of dsDNA. Pommer et al. [18] have shown that
the endonuclease E9 is capable of degrading dsDNA bymaking
a number of single-stranded cuts. Moreover, other monomeric
non-speciﬁc nucleases of the ‘bba-metal’ group, such as a peri-
plasmic nuclease Vvn from Vibrio vulniﬁcus [19], NucA from
Anabaena sp. [20] and monomeric variants of Serratia nuclease
[21], cleave single- and double-stranded DNA eﬃciently, even
though the latter was reported to be a homodimer [22].
Sucrose centrifugation and gel-ﬁltration experiments show
that the N-terminal fragment N-II binds as a monomer to a
single copy of its recognition sequence. However, the N-II do-
main displays an ability to form a complex with two copies of
the recognition sequence as a dimer. Considering the mono-
meric state of the nucleolytic domain C-II that possesses a sin-
gle active site, each MnlI subunit might be capable of making a
single-stranded cut in the dsDNA. Hence, for MnlI to achieve
a double-stranded cut, it must have evolved additional struc-
tural elements for dimerization, which most likely reside in
the N-terminal domain of MnlI.2.4. Colicin-like nuclease domain of MnlI triggers metal-
dependence and substrate speciﬁcity of the MnlI
restriction endonuclease
The ‘bba-metal’ superfamily comprises a variety of nuc-
leases, including speciﬁc homing endonucleases from the
HNH and the His-Cys families, non-speciﬁc nucleases from
Serratia group, the nuclease Vvn, bacterial colicins and phage
T4 Endo VII endonuclease regardless of little sequence homol-
ogy they exhibit to each other. This points to a common nucle-
ase ancestor that has diverged into distinct families to such an
extent that these groups share only some active site residues, a
histidine that acts as a general base and one or two carboxyl-
ate/carboxamide/histidine as cofactor ligands. Most nucleases
that have adopted a ‘bba-metal’ fold require an alkaline earth
metal ion, Mg2+ or Ca2+, to promote endonuclease activity
[23]. However, both alkaline earth and transition metal ions
can function as cofactors for the nucleolytic activity of non-
speciﬁc nucleases from Serratia group and bacterial colicins.
Moreover, a few sequence-speciﬁc members of this family,
such as homing endonucleases I-PpoI [24] and I-HmuI [25],
can be activated in vitro by several transition metal ions.
It seems that subtle diﬀerences in overall conformation and
metal binding displayed by the ‘bba-metal’ enzymes are
responsible for diﬀerent metal speciﬁcity proﬁles of enzymes
that belong to a distinct group of the superfamily. The diﬀer-
ences in preferred metal ions for degradation of nucleic acids
have been reported for the best characterized sugar non-spe-
ciﬁc nucleases from Serratia group: Serratia nuclease [26]
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Although the Serratia enzyme demonstrates maximum activity
with Mg2+, other ions, such as Co2+, Ni2+ and Zn2+ but not
Ca2+ can replace it. NucA prefers Mn2+ and Co2+ over
Mg2+ and shows little activity with Ni2+ and no activity with
Zn2+. In contrast, the histidine-rich environment of the ‘bba-
metal’ motif in bacterial colicins, which belong to the HNH
group, has converted their active site into a highly adaptive
catalytic centre, capable of utilizing Mg2+, Ni2+, Co2+,
Mn2+, Zn2+ and Ca2+ in catalytic pathways [18,23,28–30].
The Mg2+ ions were shown to be preferred ions for catalysis
of dsDNA cleavage by colicin nuclease domains, whereas
Ni2+ yielded the highest activity toward single-stranded
DNA (ssDNA). Interestingly, a recent analysis of four bacte-
rial colicins has pointed out the diﬀerences in conformational
and functional properties, despite their high sequence identity
[30]. Hence, the question of the roles that diﬀerent divalent me-
tal ions perform in the active sites of ‘bba-metal’ nucleases still
remains obscure.
A mutational analysis of MnlI has shown that its C-terminal
part contains an active site highly similar to those of bacterial
colicin ColE7 and ColE9 nucleases [10]. Therefore, it was inter-
esting to clarify metal-dependence features that may have been
inherited by MnlI from its C-terminal nuclease domain.
To characterize the activity ofMnlI and its C-II domain in the
presence of a single metal ion, preparation of the divalent metal-
free proteins was carried out as described previously [10]. It was
found that both apo-enzymes completely lost their enzymatic
activities. However, the addition of diﬀerent metal ions intoFig. 5. Eﬀect of diﬀerent divalent metal ions on the activity of MnlI (B) and
the presence of various amounts (10 lM–5 mM) of Mg2+, Ca2+, Ni2+, Mn2+,
(mM) of divalent metal ions are indicated above each lane. (C) Control line c
M, GeneRuler DNA Ladder Mix.the assay system re-activated the proteins to various degrees
(Fig. 5). The relative order of non-speciﬁc endonuclease activity
of C-II at a single metal ion concentration tested (1 mM) was
found to be Ni2+ > Mn2+ = Co2+ > Mg2+ P Ca2+ > Zn2+
(Fig. 5A). 50–100 lM concentrations of Ni2+, Co2+, Zn2+ and
Mn2+ were suﬃcient to render the C-II domain active, whereas
Mg2+ and Ca2+ were required in higher concentrations, with an
optimal eﬀect on activity at 1 mM.The fact that such a variety of
metal ions can function as cofactors to activate C-II nuclease is
consistent with studies on colicin ColE7 and ColE9 [18,28,29].
Similarly, higher Mg2+ concentration is required for optimal
activity than that required in the presence ofNi2+ (in lMrange).
The activity proﬁle of apo-MnlI at various concentrations of
divalent metal ions (Fig. 5B) appeared to be nearly identical to
that of C-II. The most striking feature of this experiment was
the diﬀerent relative order of activity, in comparison to that of
C-II. At 1 mM of metal ion alone the order of activity was
Mg2+ > Ni2+ = Co2+ > Mn2+ > Ca2+ > Zn2+. These results
suggested that the enzyme is optimally active with magnesium.
Additionally, the introduction of metal ions at a 10 lM con-
centration induced the slight activity of MnlI only in the case
of Mg2+. This result can be supported by the data presented in
Fig. 5A, where 10 lMMg2+ was able to induce the slight nick-
ing activity of the C-II domain.
In the recent study [10], we have demonstrated that the
HNH-type active site of MnlI is responsible for a weak endo-
nuclease activity toward ssDNA. With regard to this unique
activity of MnlI, it has been reported that colicin nucleases
show the same behavior in the presence of some transitionits C-terminal domain C-II (A). Cleavage reactions were carried out in
Co2+, and Zn2+, or without any metal ion (Me). The concentrations
ontaining the dsDNA substrate incubated only with reaction Buﬀer G.
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this activity of MnlI was acquired from the colicin-like nucle-
ase domain, cleavage of a ssDNA substrate S-27 by the C-II
domain and its dependency on various metals was tested
(Fig. 6). The cleavage pattern of the ssDNA fragment S-27
had been determined before: MnlI cut it at 15 nt and 22 nt
nucleotides [10]. Therefore, this fragment was chosen to com-
pare the sequence selectivity of C-II with that displayed by
MnlI. Identical digestion patterns were observed in a 18-h
incubation, indicating the same sequence selectivity of both
MnlI and its C-terminal domain, although the activity of MnlI
was less pronounced (Fig. 6). The C-II domain exhibited endo-
nuclease activity at 100 lM concentration of each metal ion, in
the order of Ni2+ = Mn2+ > Mg2+ > Zn2+ > Ca2+. The relative
order obtained with MnlI showed similar reactivity, except
that Mg2+ and Ca2+ were not able to activate MnlI to the same
extent. Again, the cleavage results are in line with data on coli-
cin ColE9 [18] and ColE7 [31], indicating that the highest activ-
ity of colicin nucleases toward ssDNA is associated with Ni2+,
and only a weak activity is displayed with Mg2+.
The study indicated the preference for Mg2+ in the speciﬁc
cleavage of dsDNA by MnlI. In this aspect, MnlI resembles
conventional Type II REases. Only a few Type II REases show
DNA cleavage, when Mg2+ is substituted with some other
metal ions [32–34]. However, MnlI displays a unique charac-
teristic among REases characterized to date, namely, speciﬁc
cleavage with a wide range of divalent metal ions. Addition-
ally, in contrast to other restriction endonucleases, the C-ter-
minal domain triggers non-speciﬁc activity of MnlI toward
ssDNA. In the crystal structures of colicin nuclease domains
bound to DNA [35,36], monomeric nucleases interacted with
DNA primarily via phosphate backbones, suggesting their
structural basis as sugar and sequence non-speciﬁc enzymes.
Indeed, bacterial colicins cleave all nucleic acids that they
encounter, including dsDNA, ssDNA and RNA. The non-spe-
ciﬁc single-stranded activity of MnlI indicates that its mono-
meric colicin-like nuclease domain can function as a separate
non-speciﬁc nuclease.Fig. 6. Metal-dependent activity of MnlI and its domain C-II toward
single-stranded oligonucleotide S-27. The reactions were carried out at
a ﬁxed concentration (100 lM) of diﬀerent metal ions Mg2+, Ni2+,
Mn2+, Zn2+, Ca2+, or without any metal ion (Me2+). The reaction
products of S-27 hydrolysis (27-mer) are designated as 22-mer and 15-
mer fragments.The fact that the activity proﬁles of both C-II and MnlI are
highly similar to that of colicin nucleases supports the proposal
that a HNH-type nuclease was fused to a DNA-binding pro-
tein by exchanging of structural domains among diﬀerent pro-
tein families to create the speciﬁc MnlI REase. The ability to
utilize a wide range of metal cofactors for cleavage of double-
and single-stranded DNA is of great importance to the biolog-
ical function of MnlI residing in Moraxella nonliquefaciens, a
species that can cause respiratory diseases of man. This feature
could be an advantage to the bacteria in the degradation pro-
cess of invading foreign genomes, when competing with other
bacteria for their environment.3. Materials and Methods
3.1. Bacterial strains, plasmids, reagents and DNA manipulation
The T7 expression system [37], which includes the plasmid pET-21b
and the Escherichia coli strain HMS174mcrBC/ pAC-MnlMM2.65
[10], was used for the overexpression of the N-II protein. All strains
were grown and E. coli transformations were carried out according
to standard protocols [38]. All enzymes, kits, DNA substrate, sequenc-
ing primers and molecular mass standards were obtained from Fer-
mentas UAB. All DNA manipulations were carried out using
standard techniques [38]. The nucleotide sequence was determined
using ‘‘Big-Dye’’ terminator chemistry (Applied Biosystems, Foster
City CA.) driven by standard T7 promoter and terminator primers
on an ABI PRISM 377 DNA Sequencer (Applied Biosystems).
3.2. Proteolysis of MnlI with Glu-C
All experimental digestions were performed with endoproteinase
Glu-C (Roche) in buﬀer containing 10 mM Tris–HCl (pH 7.5), and
50 mM NaCl at 25 C. MnlI–DNA complex cleavage was carried
out at a twofold molar excess of speciﬁc oligonucleotide sd-31 over
the MnlI protein. The ratio of Glu-C to MnlI was 1:20 (w/w). The pro-
teolytic fragments of MnlI were separated by SDS–PAGE and trans-
ferred onto a PVDF (Macherey-Nagel) membrane according to
standard protocols [38]. The sequences of the ﬁrst ﬁve amino acid res-
idues of the N-termini of particular fragments were determined by Ed-
man sequencing chemistry in WITA GmbH (Germany).
3.3. Protein expression and puriﬁcation
Isolation of the N-II domain upon proteolysis of MnlI by Glu-C in
the presence of DNA was carried out by gel-ﬁltration, under experi-
mental conditions described in Section 3.7. MALDI-MS experiments
of N-II were performed in the Institute of Organic Chemistry (Univer-
sity of Johann W. Goethe, Germany).
For gel mobility-shift assays and analysis of N-II–DNA complexes,
the N-II domain mutant was generated by PCR techniques. The ab-
sence of additional mutations was veriﬁed by DNA sequencing. Details
on the construction of plasmid coding for the N-terminal domain are
available upon request. Puriﬁcation of N-II was done as described be-
fore [10]. The protein was found to be homogeneous N-terminal do-
main N-II.
To isolate the C-terminal domain, C-II, 0.14 mg of MnlI was di-
gested with Glu-C for 90 min in the absence of speciﬁc DNA. The
resultant mixture was loaded onto a Superdex 200 HR column that
was pre-equilibrated with 10 mM Tris–HCl (pH 7.5), 300 mM KCl.
The fractions that, relative to the marker proteins, should represent
proteins with apparent molecular masses of 30–10 kDa were tested
for the presence of C-II in SDS–PAGE. Fractions containing C-II were
pooled and loaded onto the same column. After identiﬁcation of the C-
terminal domain by SDS–PAGE, homogeneous fractions were pooled
and dialyzed against storage buﬀer 10 mM Tris–HCl (pH7.5), 200 mM
NaCl, 1 mM EDTA, 1 mM DTT, 50% glycerol and stored at 20 C.
The homogeneity of the protein was tested by SDS–PAGE: it was de-
tected to be >95%.
Protein concentrations were determined by measuring light absor-
bance at 280 nm and using an extinction coeﬃcient of
24000 M1 cm1 for the monomer of MnlI, 12920 M1 cm1 for the
E. Kriukiene / FEBS Letters 580 (2006) 6115–6122 6121N-II protein, and 11080 M1 cm1 for C-II. Extinction coeﬃcients
were calculated using the Vector NTI 5.2.1.3 software.
3.4. Oligonucleotides
The speciﬁc 31 bp duplex sd-31, containing the MnlI recognition se-
quence (underlined), was obtained by annealing oligonucleotides sd-1
5 0-GATCATTGCCCCCTCGTTCATGATACTCTAC with sd-2 5 0-
GTAGAGTATCATGAACGAGGGGGCAATGATC. A non-cog-
nate duplex nd-31, which diﬀered from the speciﬁc one by only one
base pair within the MnlI target, was obtained by annealing oligonu-
cleotides 5 0-GATCATTGCCCACTCGTTCATGATACTCTAC and
5 0-GTAGAGTATCATGAACGAGTGGGCAATGATC. For the
DNA-binding experiments and for sucrose gradient velocity centrifu-
gation sd-1 was 5 0-labeled with [c-33P]ATP (Hartmann Analytic) using
T4 polynucleotide kinase, and then annealed with sd-2 in slight excess
(with a ratio 1:1.2) of the latter by heating the solution to 95 C and
then allowing it to cool slowly. The oligonucleotide S-27 was used to
evaluate the cleavage of ssDNA by MnlI and C-II: (27-mer 5 0-
TTTGGTGGTATCCTCTGTAAGCGGCTA). All high purity oligo-
deoxynucleotides were purchased from Metabion (Germany).
3.5. DNA binding assays
DNA binding by MnlI and the N-terminal domain was analyzed by
the gel mobility-shift assay, using the cognate (sd-31) or non-cognate
(nd-31) duplexes. The 33P-labeled duplexes (1 nM) were incubated
for 20 min at 25 C with diﬀerent amounts of proteins in 20 ll of bind-
ing buﬀer (40 mM Tris–acetate (pH 7.0), 0.1 mM EDTA, 0.1 mg/ml
BSA, 10% glycerol). Samples were loaded onto 8% polyacrylamide gels
(29:1 arcylamide/bisacrylamide) in 40 mM Tris–acetate (pH 7.0),
0.1 mM EDTA and electrophoresed at room temperature for 2 h at
8.5 V/cm. After electrophoresis, gels were dried and analyzed using Cy-
clone Storage Phosphor System and OptiQuant Image Analysis Soft-
ware (version 3.0 from Packard Instruments).3.6. DNA cleavage assay
All DNA cleavage reactions were performed in 10 mM Tris–HCl
(pH 7.5), 50 mM NaCl (Buﬀer G). Double-stranded DNA cleavage
was assessed by adding either 30 nM apo-MnlI (monomer) or 5 nM
of apo-C-II to 11.4 nM pUC19 DNA in Buﬀer G supplemented with
divalent metal ions at a concentration range of 10 lM–5 mM –
Ca2+, Mg2+, Ni2+, Co2+, Mn2+, Zn2+, or without any divalent metal
ions. After 30 min at 37 C, the reactions were stopped by adding
0.2 volumes of gel loading buﬀer (10 mM Tris–HCl (pH 7.6), 60 mM
EDTA, 0.1% SDS, 60% glycerol, 0.03% bromophenol blue, 0.03% xy-
lene cyanol FF), heated at 70 C for 10 min, and fractionated by 1.6%
agarose gel electrophoresis.
Cleavage of ssDNA was carried out by mixing 5.6 lM S-27 with
4 lM (monomer) apo-MnlI, or 80 nM apo-C-II in Buﬀer G containing
Mg2+ or Ni2+, Mn2+, Zn2+, Ca2+ at a concentration of 100 lM. The
reaction mixtures were incubated for 18 h at 37 C, then terminated
by the addition of 0.5 volume of a ‘‘stop’’ solution (95% (v/v) formam-
ide, 0.01% bromophenol blue), heated for 2 min at 95 C and subjected
to denaturing gel electrophoresis through 15% polyacrylamide (29:1
acrylamide/bisacrylamide) in 89 mM Tris–borate, 2 mM EDTA buﬀer.
All digestion patterns were visualized after staining with ethidium bro-
mide [38].3.7. Gel-ﬁltration
Gel-ﬁltration of the puriﬁed N-II domain and its complexes with the
speciﬁc duplex sd-31 was performed at room temperature on an
AKTA FPLC system using a Superdex 200 HR column (Amersham-
Pharmacia-Biotech) pre-equilibrated with 10 mM Tris–HCl (pH 7.5),
200 mM KCl. The samples were prepared by mixing the requisite con-
centrations of N-II and sd-31 in the same buﬀer. Protein elution was
followed spectrophotometrically by monitoring the absorbance at
280 nm. Apparent molecular masses were calculated from the elution
volumes by reference to marker proteins (Bio-Rad).3.8. Sucrose gradient velocity centrifugation
The N-II (40 lM) domain and its mixture with DNA (40 lM of N-
II–1 lM of 33P-labeled sd-31) in a total volume of 100 ll was layered
on a 12-ml of 5–20% (w/w) linear sucrose concentration gradient in
40 mM Tris–acetate (pH 7.0), 2 mM Ca–acetate. The tubes were thencentrifuged at 20 C in a SW-41-Ti rotor using a Beckman L8-70 ultra-
centrifuge at 40000 rpm for 20 h. After centrifugation, 500 ll fractions
were taken starting from the top and analyzed. N-II, its complexes or
free DNA were detected by applying diﬀerent detection methods:
SDS–PAGE (for detection of proteins) and spotting onto a Hybond
N+ membrane followed by analysis using Cyclone Storage Phosphor
System (detection of free DNA and DNA bound in complexes). Addi-
tionally, the N-II–DNA fractions were analyzed by the visualization of
protein–DNA complexes after electrophoresis through 8% non-dena-
turing polyacrylamide gels in the same buﬀer as that used in centrifu-
gation experiments. Gels were analyzed using Cyclone Storage
Phosphor System. The standard protein curve was derived from the
peak positions of the marker proteins (aldolase, albumin, ovalbumin,
chymotripsinogen A, and ribonuclease A (Bio-Rad)) that were
achieved from analysis of fractions by SDS–PAGE.
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